As the semiconductor industry turns to alternate conductors to replace Cu for future interconnect nodes, much attention has been focused on evaluating the electrical performance of Ru. The typical hexagonal close-packed (hcp) phase has been extensively studied, but relatively little attention has been paid to the face-centered cubic (fcc) phase, which has been shown to nucleate in confined structures and may be present in tight-pitch interconnects. Using ab initio techniques, we benchmark the performance of fcc Ru. We find that the phonon-limited bulk resistivity of the fcc Ru is less than half of that of hcp Ru, a feature we trace back to the stronger electron-phonon coupling elements in hcp Ru that are geometrically inherited from the modified Fermi surface shape of the fcc crystal. Despite this benefit of the fcc phase, high grain boundary scattering results in increased resistivity compared to Cu-based interconnects with similar average grain size. We find, however, that the line resistance of fcc Ru is lower than that of Cu below 21 nm line width due to the conductor volume lost to adhesion and wetting liners. In addition to studying bulk transport properties, we evaluate the performance of adhesion liners for fcc Ru. We find that it is energetically more favorable for fcc Ru to bind directly to silicon dioxide than through conventional adhesion liners such as TaN and TiN. In the case that a thin liner is necessary for the Ru deposition technique, we find that the vertical resistance penalty of a liner for fcc Ru can be up to eight times lower than that calculated for conventional liners used for Cu interconnects. Our calculations, therefore, suggest that the formation of the fcc phase of Ru may be a beneficial for advanced, low-resistance interconnects. arXiv:2001.02216v2 [cond-mat.mtrl-sci] 8 Jan 2020 a) fcc b) hcp
INTRODUCTION
The introduction of dual damascene Cu wiring in the back-end-of-line (BEOL) provided significant resistance reduction compared to aluminum and enabled the aggressive interconnect pitch scaling witnessed over the last 20 years [1] . With continued pitch reduction, however, the use of Cu may not be sustainable not only due to the size effect [2] [3] [4] [5] , whereby metal resistivity dramatically increases as cross-sectional area decreases, but also because of electromigration concerns and the reduction of via and line volume occupied by the diffusion and wetting liners necessary for integration of Cu in the BEOL [6] . To overcome these challenges posed by the continued use of Cu, research has focused on identifying and evaluating alternative conductors for use in advanced interconnect nodes [7] [8] [9] [10] [11] . Among the many identified options, Ru has emerged as a promising candidate due not only to reduced impact of the size effect compared to Cu [12, 13] but also because of its resilience to electromigration [11, 14] .
To understand the performance of Ru-based interconnects, the hexagonal close-packed (hcp) phase of Ru, the dominant phase in bulk Ru, has been extensively studied both experimentally and theoretically using firstprinciples methods [8, [12] [13] [14] [15] [16] [17] [18] . Significantly less attention, however, has been paid to the face-centered cubic (fcc) phase, which has been observed in confined structures such as in striations in tight-pitched intercon-nect lines and in nanoparticles [14, 19] . As interconnect widths shrink to the tens of nanometers and below, it is increasingly important to understand this less common phase. Studying the properties of fcc Ru can additionally provide valuable insight and direct comparison to other notable cubic BEOL conductors such as Cu, Co, and W [20] [21] [22] [23] [24] .
In this work, we evaluate the use of fcc Ru for use in the BEOL using ab initio techniques. We begin by studying the bulk transport properties of the fcc phase by calculating the phonon-limited resistivity and show that fcc Ru is over twice as conductive as hcp Ru but still 30% less conductive than Cu. To better understand the performance of this phase in interconnects, we then calculate the reflection coefficients for pertinent grain boundaries using the non-equilibrium Green function method (NEGF). For each grain boundary studied, we find that fcc Ru suffers from a larger reflection coefficient than Cu. We use this information to calculate the expected resistivity of both fcc Ru and Cu over a wide range of grain sizes using the Mayadas-Shatzkes model and see that grain boundary scattering indeed contributes significantly to fcc Ru resistivity for small grain sizes. By accounting for the conductor volume lost to adhesion and wetting liners, however, we find that the line resistance of fcc Ru interconnects are lower than those made of Cu below line widths of 21 nm. Next, we study the properties of liners that may be necessary for integration of fcc Ru into the BEOL. We benchmark the adhesion performance of the liners by calculating the binding energy of each layer to oxide and to fcc Ru and find that tantalum-based liners have lower binding energies to both oxide and Ru. Notably, we find that the binding energy of Ru directly to silicon dioxide is lower than that of any of the liners studied, which indicates that this phase may adhere to an interlayer dielectric without an adhesion liner In the case that a liner is necessary in practice, we calculate the resistance penalty of electrical conduction perpendicular to these liners as would be encountered in BEOL vias. When compared to Cu, we find that the vertical via resistance is dramatically reduced for Ru since the noble metal does not need the wetting layer that Cu requires to achieve void-free gap fill and mitigate electromigration.
COMPUTATIONAL DETAILS
First-principles calculations are performed using the Synopsys QuantumATK software using a double-zeta polarized linear combination of atomic orbitals (LCAO) basis set within the Perdew-Burke-Enzerhof (PBE) generalized gradient approximation (GGA) for the exchangecorrelation functional [25] [26] [27] . All simulated structures are relaxed until the forces on each atom are less than 5 meV/Å. All reported results are converged with respect to k-point sampling, and a cutoff energy of 120 Ha is used.
Device simulations
Transport properties are calculated using the nonequilibrium Green function (NEGF) method whereby the transmission function T (E) is given as
where E is the energy of interest, G r (E) is the retarded Green function of describing the system, G a (E) = G r (E) † , and Γ L(R) is the broadening function for the left (right) electrode [28] [29] [30] . The retarded Green function is given as
where η is an infinitesimal positive number, S is the overlap matrix for the basis, H is the Hamiltonian for the scattering region under study, and Σ L(R) is the contact self-energy for the left (right) electrode. In each structure where transport is calculated, the electrodes are considered to be semi-infinite extensions of the bulk material being studied. To achieve high accuracy in transport calculations, a dense k-point sampling of 201 by 201 is used in the directions perpendicular to the transport direction. The low-bias, zero temperature conductance G is then directly calculated from the transmission function evaluated at the Fermi energy E F :
The conductance of the structure is proportional to the cross-sectional area of the device, so we report the areanormalized specific resistivity γ = A/G as is standard practice in the literature [18, 20, 22, 23, 31, 32] .
Bulk transport simulations
We calculate the bulk phonon-limited resistivity, ρ, of fcc Ru directly by solving the semiclassical Boltzmann transport equation [33] . The resistivity tensor is given by
where f 0 is the Fermi-Dirac distribution function and Cartesian components are labeled by α, β. The conductivity spectrum σ αβ (E) in Eq. (4) is given by
and the band conductivity σ αβ (nk) is given as
where e is the electron charge, τ (nk) is the transport relaxation time for electrons with wavevector k in band n, v α (nk) is the electron velocity.
BULK CHARACTERISTICS
We begin by calculating the formation energy of bulk fcc Ru compared to bulk hcp Ru and find that the hcp phase is energetically favorable by just 0.1 eV/atom. This small difference in formation energy explains why the fcc phase can form in confined structures where increased surface energy and strain may overcome this energy barrier. Additionally, this result suggests that the fcc phase may be prominent in advanced interconnect nodes where line widths will be less than 10 nanometers and the standard BEOL thermal budget of 300-400 • C could provide enough energy for the fcc phase to stabilize. It is therefore paramount to characterize the electrical properties of this phase to benchmark how it compares to that of Cu and other alternate conductors.
To this end, we calculate bulk transport properties of the fcc and hcp phases. For most alternate conductors, the bulk resistivity is typically an experimental value that can be used as an input to various resistivity models to understand performance in interconnects. Since the fcc phase is unstable in bulk films, acquiring this value experimentally is challenging. Instead, we solve the linearized Boltzmann transport equation. To perform the simulation we employ a two step procedure [25] , where we first perform a separate calculation of the scattering rate for a selection of approximately 100 k-points within 2 meV from the Fermi surface. This is integrated to give the relaxation time at a specific energy:
where n(E) is the density of states. We then calculate the constant relaxation time result by assuming τ (nk) → τ when solving Eq. 4 from a fine k-point integration on a 22 × 22 × 22(11) mesh for the fcc (hcp) phase. Importantly, the product τ ρ αβ is a Fermi surface property independent of the scattering mechanisms. We can therefore separate resistivity changes as coming from either the Fermi velocity and surface variation or from the specific phonon-limited scattering rate.
The key properties of bulk Ru are collected in Fig. 1 . Figure 1 (a, b) illustrates the Fermi surfaces and the four bands contributing in fcc and hcp Ru, respectively. Compared to the hcp phase, we see that the surfaces for the fcc bands exhibit more fluctuations in k-space. For both phases, we calculate the ρτ product directly from tetrahedron integrations of these surfaces, thereby accounting for the full anisotropy of the Fermi velocity on the surface depicted. In Fig. 1(c, d) we show the phonon dispersion as a function of phonon wavevector q and phonon density of states, which are calculated using s 9 × 9 × 9 super cell. The results for the hcp phase compares well with previous simulations and experiments [34, 35] .
To obtain an approximation for scattering time in the fcc and hcp phases we calculate from first-principles the electron-phonon coupling and derived scattering rates to solve the linearized Boltzmann transport equation fully numerically within the full-band relaxation time approximation. Details of the methodology are described in Ref. 33 . Such DFT calculation of the resistivity of metals is computationally demanding as one needs to integrate the electron-phonon coupling over both electron and phonon wave vectors (k-and q-space, respectively), and only few studies of the electron-phonon coupling in metals exist that includes a full integration [8, 25, 36, 37] . For the integration of the scattering rate we use a sampling of 30×30×30 q-points and tetrahedron integration. We then integrate the scattering time according to Eq. 7 to obtain a constant scattering time at the Fermi level for both the hcp and fcc phases. Table I summarizes the ρτ product, phonon-derived scattering time τ , mean free path λ and extracted bulk resistivity ρ. For the hcp phase we find a resistivity value 8.2-11.1 µΩ-cm which is 5-40% greater than the experimental reference value of 7.8 µΩ-cm. This is fairly good agreement considering the full first-principles approach utilized, and we will therefore use the simulations to compare the performance of the two phases. We find that the fcc phase of Ru has a ρτ product 13-35% lower than that of hcp Ru, which combined with the longer scattering time results in a bulk resistivity that is 2-3 times lower indicating that fcc phase of Ru is a superior conductor to the typical hcp phase. In comparison to Cu, we find that the ρτ product of fcc Ru is about equal, but the shorter scattering time results in fcc Ru having twice as high a bulk resistivity.
While the ρτ product does provide the correct trend, it is insufficient to account for the full discrepancy between the two phases of Ru. To explain the lower scattering rate of the fcc phase we explore the elastic model of acoustic phonon scattering in metals. Within the Ziman model, where the acoustic coupling constant is expressed by M (k, q) = q∆ 2 /(2µv ph ), the scattering rate can be expressed as: [38] 
Here µ is the mass-density, v ph is the sound velocity, v F is the Fermi velocity, ∆ is the deformation potential and we have assumed the limit of a large Fermi surface compared to the thermal phonon momentum k F >> k B T /( v ph ). Main factors that could modify the scattering rate is the effective velocity of sound and the geometrical effect from the Fermi surface shape that could modify the deformation potential. From the phonon dispersion and density of states in Fig. 1(c, d) , we see that while some phonon softening occurs in the fcc phase that reduces the effective phonon frequencies and phonon velocity v ph ≈ ω(q)/q, it is less important for the acoustic modes at low phonon momentum and hence cannot explain the difference in scattering rate. The discrepancy therefore traces back to the actual coupling matrix element, ∆, and possibly the full momentum dependence which was included in the actual simulations. Due to the more isotropic nature of the hcp Fermi surface, the selection rules for scattering can be more easily fulfilled, and the coupling strength of the hcp phase therefore exceeds that of the fcc phase. We therefore can explain the resistivity reduction partly from (i) Fermi velocity and surface variation included in the ρτ product and (ii) the dominating geometrical effect from the shape of the Fermi surface enabling stronger coupling elements for the hcp phase.
Grain boundary scattering
To further compare the bulk transport properties of fcc Ru to Cu, we quantify the impact of grain boundary scattering, which contributes a significant amount to resistance of nanoscale interconnects [4, 21] . To this end, we calculate the reflection coefficients of four representative coincident site lattice twin grain boundaries. We use the standard Σ notation for fcc twin grain boundaries where Σ = δ(h 2 + k 2 + 2 ), (hk ) corresponds to the Miller indices of the surface that defines the grain boundary, δ = 1 when the summation is odd, δ = 1/2 when the summation is even. The reflection coefficient r is calculated by computing the specific resistivity of each grain using the NEGF method:
where T GB (γ GB ) is the transmission function (specific resistivity) of the grain boundary and T hk (γ hk ) is the ballistic transmission function (specific resistivity) in the direction normal to the grain boundary. and Σ11. Like many other fcc metals, we see that for both Ru and Cu, the reflection coefficients follow the trend that r Σ3 r Σ11 < r Σ5 ≈ r Σ9 , which can be understood by examining the symmetry and void structure of the interface of each grain boundary [22] . Notably, for each grain boundary studied here, the reflection coefficient for Ru is much larger than that for Cu indicating that grain boundary scattering plays a much larger role in the resistance of fcc Ru lines. To quantify this impact, we input our computed reflection coefficients into the Mayadas-Shatzkes empirical resistivity model [4] , which is given as
where ρ GB is the modified resistivity after accounting for grain boundary scattering, α = λ d R 1−R , λ is the electron mean free path, d is the average grain size, and R is the average grain boundary reflectivity. Since experimental evaluation of the mean free path of fcc Ru is difficult, we calculate the mean free path using a constant mean free path approximation of Eq. (7):
where τ nk and v(nk) are the previously calculated band resolved scattering time and electron velocities. The resulting λ(E F ) values are given in Table I . Figure 2(a) shows the calculated resistivity of both fcc Ru and Cu over a wide range of grain sizes and values of R ranging from 0.26 to 0.43 for Ru and 0.02 to 0.14 for Cu. For large grain sizes where grain boundary scattering is negligible compared to inelastic phonon scattering, we see that the expected resistivity is strongly clustered around the values of bulk conductivity for each metal. As the grain sizes become smaller, the spread of resistivity values increases due to the increasing influence of grain boundary scattering. We see that because of both the larger bulk resistivity and the increased reflectivity of the grain boundaries studied, fcc Ru continues to have higher resistivity for equal average grain size. The actual resistance of fcc Ru lines compared to Cu lines, however, will depend not only the average grain size for each metal at the dimension of interest but also on the volume of the conductor that is occupied by adhesion and wetting layers [39] . In Fig. 2(b) , we calculate the expected line resistance for Cu and Ru interconnects assuming that the average grain size is equal to the line width, the reflection coefficient is an average of those calculated for each metal in Table II , and the aspect ratio of the lines is 2.0. For Cu lines, we assume a liner of 3 nm for the bottom of the trench and 2.3 nm for each sidewall, [40] while for Ru line, we assume a 0.3 nm liner on each side [15] . We note that the line resistances presented here exclude the effect of surface scattering, which is highly dependent on the surface microstructure of fabricated lines, and therefore nominal resistance values reported here are optimistic [2, 3] . Nevertheless, if surface scattering is similar between Cu and Ru lines, the relative trends should remain consistent. For large line widths, we see that Cu offers lower line resistance than equivalent width fcc Ru interconnects as is expected due to its lower bulk resistivity. Below about 21 nm line width, however, we find that fcc Ru is less resistive than copper. At such confined dimensions, the adhesion and wetting layers necessary for Cu wiring consume a non-negligible percentage of the wire cross-sectional area and results in smaller grains compared Ru lines of the same line width. Our calculations therefore indicate that below 21 nm line width fcc Ru interconnects may provide significant resistance reduction compared to equivalent width Cu lines.
ADHESION AND ELECTRICAL PROPERTIES OF LINERS
For the integration of Cu into the modern damascene process, a thin diffusion liner and wetting liner are necessary to prevent the electromigration and promote nu-cleation of Cu [1, [42] [43] [44] . Ruthenium is not expected to require a wetting layer due to its extremely low susceptibility to electromigration, but a thin adhesion liner such as TaN or TiN may be necessary to adhere the metal to the dielectric [16] . In the following we evaluate both the adhesion properties of candidate liner materials to fcc Ru and silicon dioxide and the via resistance penalty associated with their integration.
To quantify the adhesion properties of Ru to dielectric, we calculate the binding energy of various liners to both the alpha phase of SiO 2 and Ru. We consider both TaN and TiN along with their oxides TaO and TiO, which represent the worst-case scenario in which the liners are fully oxidized during deposition. In these calculations, we assume that the (100) surface of the oxide or Ru is bonded to the (100) surface of the liner material. The binding energy is then given by
where E interface is the total energy of the interface between two materials, E liner is the energy of the liner surface without the presence of the oxide or Ru, and E oxide/Ru is the energy of the oxide or Ru surface without the presence of the liner. All reported binding energy values are normalized by the area of the interface to give a metric that is independent of simulation cell size. Figure 3 summarizes the binding energy of liners TiN, TaN, TiO, and TaO to both fcc Ru and silicon dioxide. In addition, we calculate the adhesion of the (100) surface of fcc Ru directly to silicon oxide for comparison. Overall, we see that all four liners have a negative binding energy to both Ru and oxide, which tells us that all structures energetically favorable to form. The tantalum-based liners offer a lower binding energy than the titanium-based ones indicating that TaN or TaO offer better adhesion performance than TiN or TiO. Notably, we see that fcc Ru naturally has a more favorable binding energy to oxide than any of the candidate liners studied here, which suggests that fcc Ru may not require an adhesion liner at all. If indeed the requirement for an adhesion liner can be removed for integration of Ru into the BEOL, significant via resistance reductions may be achieved.
As noted, the presence of an adhesion liner plays a critical role in determining BEOL parasitic RC delay since the resistance of interconnects depends not only on the bulk resistivity calculated in the previous section but also on the "vertical resistance" of current flow through vias that connect a given metal level to the one above or below it. For Cu interconnects, an excess of 100 Ω of vertical via resistance can be expected for future technology nodes due to the presence of diffusion barriers and wetting layers [32, 41] . Although we find that the binding of pure fcc Ru to oxide is more favorable than the liners we studied, a liner may still be required to promote growth of Ru depending on the deposition method and chemistry of the precursors [10, 16, 45] . It is therefore valuable to quantify the via resistance penalty due to the presence of an adhesion liner.
Using the NEGF method, we calculate the vertical resistance of the candidate liners by computing the transmission function of the relaxed heterostructures depicted in Fig. 4 . In each structure, transport is assumed along the 100 direction through each material. A thin barrier of a candidate liner material approximately 1 nm thick is placed in the center of each structure to represent the liner that would be present at the bottom of a traditional damascene via. The electrodes are taken to be semi-infinite extensions of 100 fcc Ru, and the transverse directions are considered to be periodic to model bulk-like conduction parallel to the interface. Although we model an idealized, single-crystalline interface that may not a priori appear physically accurate, previous studies demonstrate that the resistance calculated using first principles techniques through such structures quantitatively agree with experimental measurements [23, 41] .
In Table III , we summarize the calculated transmission per spin at the Fermi energy, the cross-sectional area of the structure, and specific resistivity of each fcc Ru heterostructure along with reference values from previous study of vertical resistance through Cu diffusion and wetting liners. For the fcc Ru liners, we find that tantalumbased liners provide the lowest via specific resistivity of about 16 × 10 −12 Ω-cm 2 . Titanium-based liners result in an approximately 25% higher via resistance of about 20×10 −12 Ω-cm 2 . Although oxidation typically results in a more resistive material, our results show that even if a TiN liner is fully oxidized to TiO, we should only expect an increase of resistance of about 3%. For the case where TaN is fully oxidized, forming TaO, we find that the via resistance is lowered by almost 10%, which follows the results seen in Cu liner calculations [32, 41] . These results indicate the via resistance of Ru interconnects are less prone to degradation compared to Cu. Overall, our results suggest that tantalum-based liners with their superior adhesion properties and low via resistance offer the best adhesion liner performance for future fcc Ru interconnects.
Comparing our vertical via resistance calculations for fcc Ru to those of previous results studies of Cu diffusion and wetting layers illustrates an important benefit of Rubased interconnects. Although we find that fcc Ru suffers more from grain boundary scattering than Cu, here we see the opposite behavior for via resistance. Although the one nanometer liners used in these calculations are idealized and highly scaled compared to what is currently used on silicon, a quantitative comparison between similar calculations can be illuminating. The combination of Cu/TaN/Ru/Cu, a typical state-of-the-art BEOL liner and wetting layers stack, results in a vertical resistance of 122.3×10 −12 Ω-cm 2 [41] , a specific resistivity that is over eight times that which we calculate for the TaO adhesion liner for fcc Ru. Even in the optimistic scenario without nitridation or oxidation, the stack of Cu/Ta/Ru/Cu results in a vertical resistance of 34.24 × 10 −12 Ω-cm 2 [32] , which is still twice as resistive as a TaO Ru liner. Much of the vertical resistance seen in Cu vias can be attributed to the fact that both a diffusion barrier and a wetting layer are required for BEOL integration. By removing the Ru wetting layers, the Cu/TaN/Cu specific resistivity is only 28.03 × 10 −12 Ω-cm 2 , a value closer to the via resistance we calculate for fcc Ru. We see that even if a thin adhesion liner is required to grow Ru interconnects, we can expect dramatic benefits in vertical resistance compared to Cu interconnects.
CONCLUSION
Using ab initio techniques, we benchmark the performance of fcc Ru for use in advanced interconnects. Although the hcp phase is the dominant one found in film measurements, the fcc phase is found to have a formation energy of 0.1 eV/atom more than the hcp phase, which may explain why it has been observed in confined structures. We find that the phonon-limited bulk resistivity of the fcc phase is three times lower than that of the hcp phase indicating that stabilizing fcc Ru can be beneficial for interconnect performance. When compared to Cu, however, we do see that increased grain boundary scattering results in fcc Ru having a higher bulk resistivity. We find, however, that the fcc Ru lines can offer lower line resistance compared to Cu lines below 21 nm line width due to the conductor volume lost to liner materials in Cu interconnects. In addition, we show that Ru may not require an adhesion liner by showing that the binding energy of fcc Ru to silicon dioxide is lower than that of many conventional adhesion liner materials. Even if a thin adhesion liner is required for BEOL integration, we calculate that the expected via resistance penalty can be up to eight times lower than that of typical liner and wetting layer stacks that are required for Cu integration. The combination of lower bulk resistivity compared to the hcp phase and dramatically lower via resistance compared to Cu suggest that the fcc phase of Ru could be a superior alternate conductor for future interconnect nodes.
